One contribution of 10 to a theme issue 'Mineralomimesis: natural and synthetic frameworks in science and technology' . We use a combination of variable-temperature highresolution synchrotron X-ray powder diffraction measurements and Monte Carlo simulations to characterize the evolution of two different types of ferroic multipolar order in a series of cyanoelpasolite molecular perovskites. We show that ferroquadrupolar order in [C 3 N 2 H 5 ] 2 Rb[Co(CN) 6 ] is a first-order process that is well described by a fourstate Potts model on the simple cubic lattice. Likewise, ferrooctupolar order in [NMe 4 ] 2 B[Co(CN) 6 ] (B = K, Rb, Cs) also emerges via a first-order transition that now corresponds to a six-state Potts model. Hence, for these particular cases, the dominant symmetry breaking mechanisms are well understood in terms of simple statistical mechanical models. By varying composition, we find that the effective coupling between multipolar degrees of freedom-and hence the temperature at which ferromultipolar order emerges-can be tuned in a chemically sensible manner.
Introduction
Ferroic order in framework materials is implicated in a wide range of functional responses, including ferroelectricity, ferromagnetism and ferroelasticity [1] [2] [3] . In each case, crystal symmetry is broken by the coalignment of a particular type of internal degree of freedom: whether it is the dipolar displacements of ferroelectrics, the orientation of magnetic moments in ferromagnets, or the geometric strains of ferroelastics. Of particular currency is the concept of linking different types of ferroic order to give multiferroic materials; for example, a system in which magnetization might be inverted by application of an electric field [4] [5] [6] . Because of the strong functional implications of multiferroicity, there is intense interest in developing a thorough understanding of the chemical and physical design rules for intentionally introducing particular types of ferroic order into materials. In the particular context of inorganic perovskites, notable examples include the concept of 'tilt engineering' [7, 8] , the exploitation of second-order JahnTeller effects [9] , and the Goodenough-Kanamori rules for magnetic exchange [10] [11] [12] . This is a special issue on the topic of mineralomimesis, and so it is perhaps a natural place to question whether similar strategies might be important for molecular mimics of conventional perovskites. Molecular perovskites are systems for which at least one component of the nominal ABX 3 composition is molecular in nature [13] [14] [15] [16] , with ferroic order usually involving coalignment of polar A-site cations [17, 18] . In transition metal formates (e.g. [(CH 3 ) 2 NH 2 ] Mn(HCOO) 3 [19] [20] [21] ), this type of ferrodipolar order is known sometimes to coexist with (anti)ferromagnetism to give a form of multiferroic response [19] . The exploitation of glassy dynamics can lead to relaxor-like behaviour in related systems [22] . And in the halide photovoltaics (e.g. [CH 3 NH 3 ]PbI 3 [23] ), local dipolar order is implicated in exciton stabilization [24, 25] . So there is again a clear link to function, but the development of design rules for controlling ferroic order still remains a significant and important challenge in this emerging field [16, 26, 27] . Moreover, one expects some differences in microscopic mechanisms relative to conventional perovskites: for example, any ferroelectric transition must be order-disorder in nature for molecular perovskites, whereas such transitions are often displacive for their inorganic parents [28] [29] [30] .
One other fundamental difference between molecular and conventional perovskites-and the focus of our study-is the role of molecular shape in imparting additional orientational degrees of freedom that themselves might give rise to new types of ferroic order [31] [32] [33] . What happens when the A-site cation of a molecular perovskite is flat but non-polar, for example? Its orientation is then described formally by a quadrupole rather than by a vector, and one can envisage the possibility of ferroic order involving these quadrupoles [34, 35] . This is precisely what happens in guanidinium formate perovskites, where ferroic quadrupole order even has a particular functional consequence. The interplay of collective Cu 2+ Jahn Teller distortions with ferroquadrupolar order in [(C(NH) 2 ) 3 ]Cu(HCOO) 3 drives inversion symmetry breaking via a so-called hybrid improper ferroelectric mechanism [36] [37] [38] . Indeed the various possible types of multipolar order that are more generally accessible to molecular perovskites seem to be particularly useful ingredients for generating polar (and, in turn, ferroelectric) phases [39] . Consequently, we are interested to understand more deeply the phenomenology of multipolar order in molecular perovskites-not only because it might be exploited is this functional materials design sense, but also because of the conceptual parallel to problems in exotic 'hidden order' systems such as URu 2 Si 2 [40] and Gd 3 Ga 5 O 12 [41] . Here, we use variable-temperature high-resolution synchrotron X-ray powder diffraction measurements to characterize the evolution of two different types of ferroic multipolar order in a series of cyanoelpasolite molecular perovskites. We supplement these experimental measurements with Monte Carlo calculations, inspired by recent studies of hybrid perovskites [42, 43] . In this way, we show that ferroquadrupolar order in [C 3 6 ] (B = K, Rb, Cs) also emerges via a firstorder transition that now corresponds to a six-state Potts model. So, for these particular cases, the dominant symmetry-breaking mechanisms are well understood in terms of simple statistical mechanical models. By varying composition, we find that the effective coupling between multipolar degrees of freedom-and hence the temperature at which ferromultipolar order emerges-can be tuned in a chemically sensible manner.
Our paper is arranged as follows. We begin with a brief survey of the crystal symmetry of the cyanoelpasolite family, and describe the group theoretical implications of multipolar order for the various systems we proceed to study experimentally. In §3, we describe the various methodologies used in our study, before proceeding in §4 to present our main findings. We take each of our two key systems in turn: [ 6 ] (B = K, Rb, Cs). Our paper concludes with a discussion regarding the potential for controlling and exploiting ferroic multipolar order in molecular frameworks.
Theory
Cyanoelpasolites are molecular analogues of double perovskites. In both cases, the parent structure has cubic Fm3m crystal symmetry and general formula A 2 B[B X 6 ]. It is the rocksalt ordering of B and B ions that is responsible for face-centring. Cyanoelpasolites correspond to the specific case for which X = CN − (elpasolites themselves are the corresponding fluorides).
In most cases, the A-site is occupied by a monovalent organic cation, such as imidazolium or tetramethylammonium [31, 35, 44] . The B and B sites are often occupied by group 1 and transitionmetal cations, respectively; in any case, the total charge on these two species sums to four. Our concern in this particular study is with multipolar order of the molecular A-site cations. In the Fm3m aristotype, the point symmetry of the A-site is T d (Wyckoff position 8c; figure 1a). The aristotypic structure is known to occur experimentally in two cases. If the point-group symmetry of the A-site cation is a supergroup of 6 ], for example [35, 45] . By contrast to these two scenarios, multipolar order involves long-range symmetry lowering at the A-site to a (proper) subgroup of T d .
The first family of cyanoelpasolites we study in this context of multipolar order is based on [C 3 N 2 H 5 ] 2 Rb[Co(CN) 6 ]; we are interested in orientational order of the imidazolium A-site cations. As it happens, there are two independent components to this orientational order, but we are concerned here only with the higher-energy term: namely the selection of a plane in which the imidazolium ion sits. This is physically relevant because at ambient temperature the imidazolium ions in [C 3 N 2 H 5 ] 2 Rb[Co(CN) 6 ] are constrained to lie within a single set of planes, but they retain rotational freedom within these planes. This type of order corresponds to lowering of the point symmetry at the A-site from T d to C 3v (figure 1b), and is characterized by the T 2 irreducible representation (irrep). It corresponds to quadrupolar order because the xy, xz, yz quadrupoles also transform with this symmetry. Consequently, we can identify the local orientation of a given imidazolium ion with a unit quadrupole of the (tensorial) form 6 ] (B = K, Rb, Cs) involves correlated rotation of the NMe 4 ions around a local 100 axis. Such a rotation has the effect of reducing the local point symmetry from T d to S 4 , and is characterized by the T 1 irrep (figure 1c). This distortion now corresponds to octupolar order because the x(z 2 − y 2 ), y(z 2 − x 2 ), z(x 2 − y 2 ) octupoles also transform with this symmetry. For ease of representation, we will identify each local state by a unit axial vector e ∈ 100 . 1 There are six such states, as given by the ratio of the orders of the point groups T d and S 4 + ion has rotational freedom about the 111 axis, and so can be represented as a quadrupole which transforms as the T 2 irrep. The presence of a three-fold axis means that crystallographically the five-membered imidazolate ring appears as if it has six atoms [49] . (c) The octupolar order of NMe 4 + ions corresponds to concerted rotations about a given 100 axis, characterized by the T 1 irrep, which lowers the point symmetry to S 4 . Co is shown in pink, K in purple, C in grey, N in blue and H in white (H atoms are omitted from NMe 4 + for clarity).
e can be taken as the orientation of the axis about which a given NMe Having identified these local multipolar degrees of freedom in our two cyanoelpasolite families-as captured by quadrupoles Q or by axial vectors e-we will assess in due course the extent to which phase transitions observed experimentally in these systems can be understood in terms of simple models of ferroic multipolar order and disorder.
Methods (a) Synthesis
) was synthesized using the method outlined in [31] . Slow evaporation of aqueous solutions of K 3 Co(CN) 6 In all cases, yields were approximately 100 mg, and samples were obtained as offwhite fine powders. Sample composition was confirmed using single-crystal X-ray diffraction measurements.
(b) Synthesis of H 3 Co(CN) 6 H 3 Co(CN) 6 was synthesized via ion-exchange of an aqueous solution of K 3 Co(CN) 6 with a concentrated solution of H 2 SO 4 [46] . The ion-exchange column was loaded with 100 g of Dowex R 50WX8 hydrogen form ion exchange resin and rinsed thoroughly with distilled water. The column was regenerated by passing through a solution of 2 M H 2 SO 4 . An aqueous solution of K 3 Co(CN) 6 (2 g, 50 ml) was passed through the column followed by 100 ml of distilled water and the eluent collected. The volume of the eluent was reduced by evaporation of the solvent. The column was then regenerated with H + and the process repeated three times. The dry product was then characterized as pure H 3 Co(CN) 6 using in-house X-ray powder diffraction measurements (see electronic supplementary material for more details).
(c) Powder X-ray diffraction
Variable temperature powder synchrotron X-ray diffraction measurements patterns were collected using the I11 beamline at the Diamond Light Source (UK). Individual datasets were collected using a Mythen2 Position Sensitive Detector (PSD) with two 2-second scans separated by an angular shift in detector position of 2.5 • . The wavelength and intrinsic peak shape parameters were determined by refinement of a diffraction pattern collected from a known Si NIST 640c standard. The X-ray wavelength used was λ = 0.82592 Å. The samples were heated at a rate of 6 K min −1 using an Oxford Cryostreams attachment and data collected over the temperature ranges 200-400 K, 300-400 K or 400-500 K. Lattice parameters were obtained via batch Pawley refinements using TOPAS academic [47] . 6 ], the intensity profiles for the rhombohedral and cubic phases were refined at 400 and 500 K, respectively; these were then fixed and a scale factor refined for each (the intensity profile for KCl was refined at 400 K). Three batch refinements were employed: the first refined the scale factor of the R3m phase (400-458 K); the second refined the scale factors of both the R3m and Fm3m phases (458-480 K); and the final phase refined only that of the Fm3m phase. The resulting normalized lattice parameters where a C ∼ √ 2a R ∼ (c R / √ 3) from each of these protocols is shown in figure 3b in red, orange and green, respectively. The errors were all smaller than the data points. 
(d) Monte Carlo simulations
In order to model the coupling between multipolar or rotational degrees of freedom for these order-disorder phase transitions, we carried out Metropolis Monte Carlo simulations using a custom-written code related to that reported in [41] . We used a primitive cubic lattice of 10 × 10 × 10 sites, subject to periodic boundary conditions. Depending on the particular simulation concerned, each site was decorated with an appropriate n-state Potts variable [48] . Configurations were initialized using random states. The configurational energy was calculated as described in the relevant sections of the text below. Moves were proposed at random and accepted subject to the Metropolis Monte Carlo criterion. Simulations were carried out for unit coupling constant J. The initial temperature was 6 J. Each simulation was allowed to proceed until equilibration (approx. 5 × 10 5 state changes). Successive simulations involved a reduction in temperature of 0.01 J. The entire simulation process was repeated five times for each model. 6 ] have been described in [31, 49] . The ambient-temperature structures of these phases have rhombohedral R3m symmetry, in which each imidazolium ion is constrained to lie within a set of parallel planes. In the context of the quadrupolar states of equation (2.1), this phase corresponds to ferroquadrupolar order. To a large extent, the focus of these earlier studies has been the evolution of dipolar order on cooling from room temperature, which is associated with an anomaly in the corresponding dielectric response [31, 49, 50] . While the imidazolium cations are free to rotate (within their confined plane) in the ambient R3m phase, in this low-temperature state, each cation adopts a single orientation. Working in the other direction, it is not yet known whether it is possible to disorder the quadrupolar degrees by heating the material; in other words, to drive the ambient ferroquadrupolar phase into a paraquadrupolar state.
The synchrotron powder X-ray diffraction pattern of our [C 3 N 2 H 5 ] 2 Rb[Co(CN) 6 ] sample at 400 K is shown in figure 2a. We were able to index this pattern in terms of a rhombohedral unit cell of comparable size to that of [
. There is a minor unidentified impurity that contributes most noticeably to the scattering at low angles, but we were able to show conclusively this was a separate phase as it was observed to decompose approximately at 450 K. The structural model of [31] 6 ], its X-ray diffraction pattern reflected a firstorder phase transition at approximately 480 K. The most obvious change in the diffraction pattern was the coalescence of peaks, consistent with an ascent in symmetry. The high-temperature phase could be indexed in terms of the cubic space group Fm3m, which is consistent with the symmetry observed for other cubic double perovskites [35, 44, 45] and is related to the R3m ambient-temperature cell as shown in figure 2e. A structural model in which the C 3 N 2 H + 5 ions are split across four sites-corresponding to the alignment of the rotational axis along each of the cubic 111 body diagonals-was used as a starting point for Rietveld refinement. Again we obtained an excellent fit-to-data; the corresponding structural and refinement details are summarized in table 2. Our structural model suggests that in this high symmetry phase the C 3 N 2 H + 5 cations are no longer confined to rotate about a single body diagonal but are now able to switch between equivalent 111 states. In this state, the orientational disorder of the C 3 N 2 H + 5 cations is dynamic, but our diffraction measurements provide no information on the timescale of reorientation in these compounds. In principle, such information might be extractable using quasi-elastic neutron scattering measurements [24] . 6 ] in the rhombohedral R3m phase at 400 K and (d) cubic Fm3m phase at 500 K with Co in pink, Rb in purple, C in grey, N in blue and H atoms shown in white. The atomic displacement parameters are shown with 50% probability. The relationship between these structures is shown in (e). 6 ] does indeed exhibit a ferro-paraquadrupolar phase transition associated with a change in crystal symmetry from R3m to Fm3m. We proceeded to characterize the nature of this transition by following the evolution of the lattice parameters with temperature. Figure 3a shows a 'film plot' of the evolution of the (110) and (104) rhombohedral reflections as they coalesce to become the (220) reflection of the cubic phase (these reflections are also highlighted in figure 2a,b) . The corresponding normalized lattice parameter variation is shown in figure 3b , coloured according to the various fitting protocols outlined in §3c above. Evidence for the first-order nature of the phase transition is threefold. First, the coexistence of both rhombohedral and cubic phases across the phase transition is clearly evident in the raw diffraction data themselves. Second, there is hysteresis in the transition temperature: we find a + molecules, which are disordered in the high-temperature phase, but align along a given 111 axis as the temperature is lowered. This quadrupolar order is illustrated in the inset. critical temperature of approximately 480 K on heating, and 440 K on cooling. 2 And, third, the spontaneous strain-which we discuss in more detail below-shows a clear discontinuity at the transition temperature. Although our focus is on the nature of ferroquadrupolar order in this system, the transition from cubic to rhombohedral cells is itself associated with a ferroelastic strain. Ferroelastic phase transitions are usually characterized by measuring the evolution of the spontaneous strain with temperature, an approach that has been applied widely to inorganic framework materials, coordination polymers, and metal-organic frameworks (MOFs) [53] [54] [55] [56] . For the particular transition we observe here, the corresponding spontaneous strain is given by
where a and c are the rhombohedral cell parameters. Note that ε s = 0 in the cubic phase. The temperature dependence of ε s is shown in figure 3c , with the colour scheme corresponding to 6 ]. Hence this transition is an improper ferroelastic transition; in other words, the strain must be coupled to some other primary order parameter [53] . We postulate, then, that the multipolar symmetry of the A-site molecular cation is key to the symmetry breaking phase transition and so we sought to investigate whether the multipolar symmetry itself can act as the driving force for the phase transition, much like tilt instabilities in conventional perovskites. Our approach was to investigate the evolution of ferroquadrupolar order on a simple cubic lattice using classical Monte Carlo (MC) simulations. As outlined in §2, the orientation of each imidazolium cation on the A-site sublattice of [C 3 N 2 H 5 ] 2 Rb[Co(CN) 6 ] can be represented by one of four quadrupolar states Q [equation (2.1)]. The MC energy used to drive our simulations was then given by the simplest quadrupolar interaction model
Here, J > 0 is a measure of the strength of quadrupolar interactions, the sum is over nearest neighbours only, and the operation ':' corresponds to the inner (scalar) product
This model exhibits a first-order phase transition at T c 4.7 J. An appropriate order parameter η is given in terms of the relative population x i (i ∈ {1, . . . , 4}) of the four possible quadrupolar states:
The temperature dependence of this order parameter, using a scaled temperature regime to match the experimental T c , is illustrated in figure 3c . The ferroquadrupolar ordering transition can be seen in the discontinuity of the order parameter on cooling as it tends from η = 0 to η = 1 as the C 3 N 2 H 5 + cations begin to align. The experimental order parameter obtained from the spontaneous strain, as described above, is plotted superimposed on the MC results. The key result here is that our very simple toy model is able to reproduce remarkably well the main features of the phase transition. This suggests that the phase transition here is well described in terms of quadrupolar interactions between neighbouring C 3 N 2 H 5 + cations. Based on our experimental value of T c , we determine an effective quadrupolar coupling constant, J eff , of approximately 100 K for [C 3 N 2 H 5 ] 2 Rb[Co(CN) 6 ]. By way of context, a three-state Potts model-conceptually similar to the four-state Potts model we use here-was recently employed to describe the phase transition behaviour in the family of multiferroic dimethylammonium-formate MOFs. In that case, it was found that longer-range dipolar interactions were needed to fully explain the experimental data [57] . Our system appears to be simpler (perhaps fortuitously). We comment also that our results are consistent with the expectation that all three-dimensional Potts models with more than two Potts states give firstorder behaviour [58] . Had the high-temperature (paraquadrupolar) phase been better described in terms of continuously variable imidazolium orientations, then the Heisenberg model would have been a more physical representation of this system. However, the Heisenberg model exhibits a second-order phase transition [59] , which is not what we observe experimentally. Hence, we suggest the nature of the phase transition we observe is indirect evidence in favour of a picture whereby imidazolium cations are still predominantly oriented perpendicular to a body diagonal of the perovskite cell even within the high-temperature paraquadrupolar state.
Having established the existence of a ferroquadrupolar transition in [C 3 N 2 H 5 ] 2 Rb[Co(CN) 6 ], we were interested to understand whether the temperature at which this transition occurs might be tuned by varying the framework chemistry. Consequently, we also measured variable-temperature powder synchrotron X-ray diffraction data for the related compound The atom sizes reflect the atomic displacement parameters at 50% probability.
; these data and their analysis are included as electronic supplementary material. We found evidence of a structural phase transition towards the cubic phase, which was incomplete up to our experimental limit of 500 K. Hence, further heating will likely lead to a complete transition to the cubic Fm3m phase, provided the transition occurs before decomposition. We have not explored this point further in our current study, but note that a higher T c would correspond to a stronger ferroquadrupolar coupling constant J, which in turn is to be expected given the reduced unit cell constants relative to (b) Ferrooctupolar order in (NMe 4 ) 2 BCo(CN) 6 , B = K, Rb, Cs
We turn now to the related issue of ferrooctupolar order in the compositional family [NMe 4 ] 2 B[Co(CN) 6 ] (B = K, Rb, Cs). All but the K-containing member of this specific family have been characterized previously [60] [61] [62] , and the corresponding hexacyanoferrates are known for all three B-site cations [45, 63] . The system (NMe 4 ) 2 K[Fe(CN) 6 ] undergoes an order-disorder phase transition at approximately 350 K from a low-temperature I4/m phase-in which the NMe 4 + cations are collectively rotated around a common 100 axis-to a high-temperature Fm3m phase in which these rotations are disordered throughout the structure [45] . It is not known-or at least not clear-whether this same transition takes place in other members of the broader family. As outlined in §2, we can couch this rotational order-disorder transition in terms of ferrooctupolar order, and our main goals in this context were (i) to characterize the nature of this phase transition for the hexacyanocobaltate [ [45] ; at higher temperatures our data were consistent with the aristotypic Fm3m structure as reported for the hexacyanoferrate in [45] . Full details of our refinements are given as electronic supplementary material, but we show representative fits and structural models for data collected at 300 and 400 K in figure 4 . + cations about a given 100 axis of the pseudocubic cage. As the temperature is lowered the cations rotate cooperatively around a single 100 axis. The octupolar order is shown in the inset, looking down the axis of rotation.
The character of the phase transition is evident from our powder synchrotron X-ray diffraction patterns collected between 300 and 400 K: we find the transition to be first order and to occur at T c ∼ 370 K. The nature of the transition is clearly evident in the behaviour of the (200) and (112) reflections (I4/m indexing) around 2θ ∼ 11 • -as shown in figure 4a-and the evolution of these two reflections with temperature is shown as a film plot in figure 5a. The temperature dependence of the normalized lattice parameters is shown in figure 5b . Again, this transition is also ferroelastic, and we show the temperature evolution of the spontaneous strain
in figure 5c. The temperature dependence of the spontaneous strain shows a discontunity at T c , reflected in both the lattice parameter data as well as the film plot and is indicative of an improper ferroelastic transition. Moreover, the first-order nature of the phase transition is consistent with the subtle thermal hysteresis from modulated differential scanning calorimetry (MDSC) for the Fe analogue [45] . The most significant structural change between the low and high symmetry phases involves the absence or presence of multiple rotation states for the NMe 4 + cations. While the orientation of the cation is fixed in I4/m, the increase in temperature allows the cation to switch between symmetry-equivalent rotation states. On cooling, the orientations of the NMe 4 + cations are characterized by cooperative rotation by some finite angle about a given 100 axis. This rotation axis corresponds to the tetragonal c-axis when the cation orientations are frozen in an order. Coupled to this collective rotation is tilting of the CoC 6 and KN 6 octahedra, for which the corresponding tilt is given by a 0 a 0 c − in the Glazer notation [64] . The tilt angle is widely used as the order parameter in describing phase transitions in double (and indeed single) perovskites. Since it is impossible here to determine whether it is the interaction and concerted rotations of NMe 4 + cations or tilting of the metal-cyanide octahedra that is acting as the primary order parameter, we note simply that there is strong coupling between the tilting and rotational degrees of freedom for this material.
Again we turned to MC simulations to attempt to model the phase transition behaviour we observed experimentally. The individual rotation (≡ octupolar) states were represented by axial vectors e ∈ 100 , and we now considered two different interaction models. The first involved taking the inner product of the nearest neighbour rotation vectors such that
(4.6)
We will refer to this as the 'dot-product model'. The second model was a six-state Potts model (similar to that employed above for our imidazolium system), for which
Here, the delta function δ(u) is equal to one if and only if its argument u is the zero vector and is zero otherwise. Physically, the two interactions models can be interpreted as follows: in both systems rotation of neighbouring cations about the same axis serves to reduce the energy of the system. In the Potts model, a neighbouring cation rotating about any other axis has a neutral effect on the energy, whereas in the dot-product model a neighbouring cation rotating in the opposite sense-i.e. e i = [100] and e j = [100]-will raise the energy of the system. Both models show a phase transition, but it is only for the Potts model that this transition is first order. We can see this difference by calculating the temperature dependence of the order parameter 8) where the x i are the relative populations of the six possible rotation states. The results for both simulations, with the data scaled such that T c matches that found experimentally, are shown in figure 5c . Here, our data are superimposed on the spontaneous strain for direct comparison. What seems clear is that the Potts model gives the truer representation of our experimental data. While we cannot rule out the relevance of more complex models, our results suggest that nearestneighbour ferrooctupolar interactions are sufficient to drive the phase transition we observe in where a 0 = (1/3)( √ 2a + √ 2b + c) (i.e. the estimated cubic lattice parameter based on the arithmetic mean of all possible strain tensors of an 'average' zero-strain structure). Our results are collated in figure 6a.
We find three key differences in the phase transition behaviour as the size of the alkali metal is increased. First, the transition shifts to a lower temperature; second, the magnitude of the spontaneous strain is reduced; and, third, the nature of the phase transition is itself changed, such that it appears increasingly like a continuous second order transition. Our interpretation is that by increasing the alkali metal cation radius and thereby the size of the pseudocubic cage, we weaken the coupling between neighbouring NMe 4 + cations and progress from Potts to Heisenberg regimes.
Conclusion
From an experimental viewpoint, our key result has been to characterize a series of multipolar ferroic order-disorder transitions in various cyanoelpasolites. We have demonstrated that the paramultipolar high-symmetry state is thermally accessible, and hence switching between different ferroic states under an appropriate multipolar external field is possible in principle.
Because the two transitions we study are also ferroelastic, external strain can function as a direct or indirect source of such a field. 6 ] samples might be expected to drive Fm3m → I4/m ferrooctupolar order. We have shown also how compositional variation provides a straightforward strategy for turning the phase transition temperature in these various systems.
But from a conceptual viewpoint what we have achieved is to demonstrate that multipolar order in these molecular perovskites can mimic the behaviour of remarkably simple statistical mechanical models. Although the underlying physics at play will be relatively complex-likely driven by an interplay between directional hydrogen bonding and local strains-these particular systems seem to be well described in terms of vastly simpler Potts-type models. If this point proves to be relatively general, then there is scope for quite powerful control over symmetry lowering phenomena in molecular perovskites. For example, the symmetry relationship between A-site cation geometry and the T d point symmetry of the aristotypic crystallographic site effectively determines the type of multipolar degree of freedom at play, and the corresponding ferroic order determines the parent-child space group relationship. The rules developed in [39] then outline how such order might be combined with other phenomena-such as collective Jahn-Teller order-to drive e.g. the emergence of bulk polarization.
So it seems that the development of certain rules for controlling multipolar order in molecular perovskites may be within reach, with molecular symmetry determining the relevant multipolar type and chemistry controlling the effective strength of interaction. Perhaps the most important remaining question is what drives the particular sign of the interaction constant? It was recently shown, for example, that it is possible to switch between ferroquadrupolar and antiferroquadrupolar order in formate perovskites by varying composition [37] . But the driving force for this change is not at all well understood. Can one imagine a structural analogue of the Goodenough-Kanamori rules for quadrupolar order in molecular perovskites? Whether possible or not, we would suggest that phenomenological studies of multipolar order-disorder transitions-such as the present work-will likely play an important role in laying the empirical
